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In the freshwater planarian Dugesia japonica, five cDNAs for HOM/HOX homeobox genes were cloned and sequenced.
Together with sequence data on HOM/HOX homeobox genes of platyhelminthes deposited in databases, comparison of the
deduced amino acid sequences revealed that planarians have at least seven HOM/HOX homeobox genes, Plox1 to Plox7
(planarian HOM/HOX homeobox genes). Whole-mount in situ hybridization and RT-PCR revealed that Plox4 and Plox5
were increasingly expressed along a spatial gradient in the posterior region of intact animals. During regeneration, Plox5 was
xpressed only in the posterior region of regenerating body pieces, suggesting that the gene is involved in the anteroposterior
atterning in planarians. Plox5 was not found to be expressed in a blastema-specific manner, which contradicts a previous
eport (J. R. Bayascas, E. Castillo, A. M. Mun˜os-Ma´rmol, and E. Salo´. Development 124, 141–148, 1997). X-ray irradiation
xperiments showed that Plox5 was expressed at least in some cells other than neoblasts, but that the induction of Plox5
xpression during regeneration might require neoblasts. © 1999 Academic Press
Key Words: Dugesia japonica; regeneration; pattern formation; homeobox; flatworm.
d
s
r
r
e
a
t
t
t
i
s
c
b
f
D
s
iINTRODUCTION
Planarians have a remarkable ability to regenerate (re-
viewed in Bagun˜a` et al., 1994). Generally, a piece from any
art of the body can regenerate to form an animal with
ormal body proportions. The regeneration ability is uti-
ized for asexual reproduction; animals grow in size and
1 The nucleotide sequence data reported in this paper will appear
in the DDBJ/EMBL/GenBank nucleotide sequence databases under
the following accession numbers: Plox2-Dj, AB024406; Plox3-Dj,
AB024407; Plox4-Dj, AB024408; Plox5-Dj, AB024409; Plox6-Dj,
AB024410.
2 To whom correspondence should be addressed at Laboratory of
egeneration Biology, Department of Life Science, Faculty of
cience, Himeji Institute of Technology, 1475-2 Kanaji, Kamigori,
kou-gun, Hyogo 678-1297, Japan. Fax: 181-791-58-0187. E-mail:
rii@sci.himeji-tech.ac.jp.
3 Present address: Department of Developmental Genetics, Na-
M
t
ional Institute of Genetics, Yata 1111, Mishima, Shizuoka 411-
540, Japan.
456ivide transversely into anterior and posterior parts (fis-
ion), and each part regenerates a posterior or anterior
egion, respectively, according to the rules of anteroposte-
ior (A-P) body patterning. It has been suggested, based on
lectron microscopic observation (Morita and Best, 1984)
nd X-ray irradiation experiments (Wolff and Dubois, 1948),
hat only neoblasts can proliferate and differentiate into all
ypes of cells. Bagun˜a` et al. (1989) also showed the restora-
ion of regeneration ability of X-ray-irradiated planarians by
njection of a neoblast-enriched fraction. These reports
upport the idea that neoblasts are totipotent stem cells and
an form all the tissues during regeneration according to the
ody plan.
The HOM/HOX homeobox genes have been isolated
rom a large number of animal species (reviewed in
uboule, 1994). The expression pattern of these genes
trongly supports the hypothesis that the genes are involved
n A-P body patterning in animal development (reviewed bycGinnis and Krumlauf, 1992). The colinearity between
he expression pattern along the A-P axis and the location of
0012-1606/99 $30.00
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457Expression of the Planarian HOM/HOX Genesgenes in the HOM/HOX cluster on the genome is well
conserved among animals, leading to the concept of the
“zootype” (Slack et al., 1993).
To understand the mechanism of planarian regeneration,
ncluding pattern formation, we have focused on HOM/
OX homeobox genes in this animal. We expected that
nalysis of expression of the HOM/HOX genes might reveal
rule of A-P patterning during planarian regeneration. As it
as been reported that wild animals collected from the field
ave remarkable heterogeneity in their chromosomes
Teshirogi et al., 1991; Tamura et al., 1995), we have
established an isogenic strain of the freshwater planarian
Dugesia japonica and used it for molecular cloning to avoid
confusion concerning nucleotide sequence data (Orii et al.,
1993; Agata et al., 1998). In this study, we have cloned and
sequenced the HOM/HOX homeobox genes from this iso-
genic planarian and analyzed their expression patterns by
both whole-mount in situ hybridization and quantitative
reverse transcription–polymerase chain reaction (RT-PCR).
The expression data shown here contradict the previously
published data (Bayascas et al., 1997). We discuss the role of
HOM/HOX homeobox genes in planarian regeneration, as
suggested by the expression pattern.
MATERIALS AND METHODS
Organisms
All planarians in this study were derived from a single worm of
D. japonica collected in the Irima River in Gifu, Japan, and
maintained in our laboratory (clonal strain GI) (Orii et al., 1993).
orms were used in all experiments after more than 1 week of
tarvation. Cut worms were regenerated in autoclaved tap water at
bout 22°C. Under this condition, regenerating tiny eyes were
bservable under a binocular microscope 2 days after decapitation.
X-Ray Irradiation
Worms in water 5 mm in depth were irradiated with 30 Gy of X
rays using a NELAC 1012A linear accelerator (NEC, 6 MeV). After
healing for 2 days, the worms were cut transversely at the pre- or
postpharyngeal region and regenerated at about 22°C.
RNA Extraction
Body pieces of worms were homogenized in 4 M guanidium
thiocyanate/0.5% sodium N-laurylsarcosine/25 mM EDTA/25
mM sodium citrate/0.1 M b-mercaptoethanol using a Polytron
homogenizer (Kinematica AG). One milliliter of the homogenate
was overlaid on 2 ml of 5.7 M CsCl/25 mM EDTA (pH 8) and
centrifuged at 60,000 rpm for 18 h in a TL-100 ultracentrifuge
(Beckman) with a TLA100.3 rotor. The RNA pellet was dissolved in
0.5% SDS, extracted with phenol, precipitated twice with ethanol,
and finally dissolved in water.
PCR Cloning and Sequencing of cDNA Fragments
of HOM/HOX Homeobox GenesTotal RNA (1 mg) was reverse transcribed using Superscript
olymerase (Gibco BRL) with a random primer of six nucleotides
Copyright © 1999 by Academic Press. All rightnd used for PCR. The mixture (10 ml) for PCR contained 13 Taq
buffer (10 mM Tris–HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl2),
mpliTaq polymerase (Takara, 0.025 U/ml), dNTPs (0.25 mM
ach), the cDNA (1 ml), and a set of degenerate primers (10 mM
ach) . The degenerate forward pr imer 5 9 -CGGAAT-
TCYTNGARYTNGARAARGARTT-39 and reverse primer
59-CGGGATCCNCKNCKRTTYTGRAACCADATYTT-39 corre-
spond to amino acid sequences LELEKEF and KIWFQNRR, respec-
tively. The reaction conditions were as follows: an initial denatur-
ation at 94°C for 1 min, followed by 40 cycles of 94°C for 1 min,
45°C for 1 min, and 72°C for 1 min, and a final elongation step at
72°C for 5 min. PCR products were digested with BamHI and EcoRI
and cloned into pBluescript SK1 vector (Stratagene). About 200
PCR clones were classified into groups by their single-track se-
quence patterns (Hong, 1982) and a representative of each group
was sequenced by a standard four-track sequencing method (Sanger
et al., 1977).
Isolation and Sequencing of the cDNA Clones
A cDNA library (5 3 104 clones/sublibrary 3 72, total 3.6 3 106
clones in size) was constructed from poly(A)1 RNA of whole worms
sing lZAPII vector (Umesono et al., 1997). Based on the sequences
f PCR clones, several sets of PCR primers specific to each type of
omeobox were made using an automated DNA synthesizer (ABI
odel 394) and used for PCR screening of the cDNA sublibrary
Watanabe et al., 1997). The positive sublibrary was screened by a
tandard plaque hybridization method with the radioactive insert
f each PCR clone as a probe (Sambrook et al., 1989). The cDNA
lone with the longest insert was isolated and sequenced on both
trands using a BcaBEST sequencing kit (Takara; Sanger et al.,
977). The sequence data were processed using GENETYX-WIN
ersion 2.1 (SDC software) and analyzed using the Wisconsin GCG
ackage Program version 9.0 (Genetic Computer Group, Madison,
I) and the DNA databank of Japan (DDBJ) online service.
Quantitative Reverse Transcription and
Polymerase Chain Reaction (RT-PCR)
The method used was described by Makino et al. (1990) and
Ducas et al. (1993). The PCR mixture (10 ml) contained 13 Taq
buffer, AmpliTaq polymerase and dNTPs as described above, the
cDNA, a small amount of a-[32P]dCTP for labeling of the product,
and two sets of primers. One set of primers was for the homeobox
gene (10 mM each) and the other was for the elongation factor 2
(EF2) gene as an internal standard (0.1 mM each). The following
r i m e r s w e r e u s e d : f o r P l o x 5 - D j , 5 9 - C C G G A T C C -
GACGAATAGAGATCGCGCACAGC-39 ( forward), 59-
TGTTCAGGACTAATTGTACTACT-39 (reverse); for Plox4-Dj,
59-CCGGATCCCGTATTGAAATAGCCAACTCA-39 (forward),
59-CGTAAAATTACGTTGGTTTTCAATTAT-39 (reverse); and for
the EF2 gene (250 -bp f r agment ) , 5 9 -TTAATGATG-
GGAAGATATGTTG-39 (forward), 59-GTACCATAGGATCTGA-
TTTTGC-39 (reverse). PCR conditions were as follows: an initial
denaturation at 94°C for 1 min, followed by 40 cycles of 94°C for 1
min, 45°C for 1 min, and 72°C for 1 min, and a final elongation step
at 72°C for 5 min. For each set of primers, the concentration of
primers and the number of cycles required for being in the linear
range in RT-PCR were determined in a series of trials. The
radioactive PCR products were subjected to 6% polyacrylamide gel
electrophoresis and analyzed quantitatively using a BAS2000 im-
age analyzer (Fuji film). The ratio of the amount of PCR product of
s of reproduction in any form reserved.
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458 Orii et al.Plox-Dj to that of the EF2 gene was calculated, and the values
relative to the maximum ratio in a given experiment are shown.
Whole-Mount in Situ Hybridization
As all cDNAs in this study were cloned in pBluescript SK1 or
SK2 vector (Stratagene), the digoxygenin (DIG)-labeled antisense
and sense RNA probes were synthesized with T7 RNA polymerase
and T3 RNA polymerase, respectively, and used for hybridization
without alkaline hydrolysis. All procedures of whole-mount in situ
hybridization including fixation, bleaching, hybridization, and
washing were as described by Agata et al. (1998). Signals were
detected by incubation of the organisms in TMN buffer (100 mM
Tris–HCl, pH 9.5, 50 mM MgCl2, 100 mM NaCl) containing NBT
(450 mg/ml) and BCIP (175 mg/ml) for Plox5-Dj and NBT (45 mg/ml)
nd BCIP (175 mg/ml) for Plox4-Dj. The low concentration of NBT
esulted in a diffusible signal, but low background (Figs. 2B and 2D).
RESULTS
Isolation of HOM/HOX Homeobox cDNA Clones
from the Planarian D. japonica
To isolate homeobox genes, we have performed PCR using
primers corresponding to helix 1 and helix 3 of the homeodo-
main with cDNA of 15-h regenerating body pieces of planar-
ians. About 200 PCR clones were subjected to single-track
(Hong, 1982) and standard sequencing analysis (Sanger et al.,
1977). Five types of clones, named tentatively Djhox#0004,
Djhox#1020, Djhox#1051, Djhox#1053, and Djhox#2007,
ere classified into HOM/HOX groups based on the similar-
ty of sequences of clones within each group. Specific primers
or each type were used for screening a cDNA library. The
hage library (3.6 3 106) contained 7 clones for Djhox#0004, 1
clone for Djhox#1020, 4 clones for Djhox#1051, 4 clones for
Djhox#1053, and 1 clone for Djhox#2007. The longest insert
of each type of cDNA clone was cloned into pBluescript SK2
plasmid and subjected to sequencing analysis. We first com-
pared these deduced amino acid sequences in the homeodo-
mains to other HOM/HOX genes of platyhelminthes, includ-
ing 14 genes of Dugesia tigrina, three genes of Dendrocoelum
lacteum, seven genes of Phagocata woodworthi, 10 genes of
Polycelis nigra, three genes of Polycelis felina, five genes of
Echinostoma trivolvis, two genes of Fasciola hepatica, and
one gene of Schistosoma mansoni. When it was found that
several of the same genes had been deposited independently,
we unified them. For example, both Dutarh4 (Tarabykin et al.,
1995) and DthoxD (Bayascus et al., 1997) were isolated from
D. tigrina, and the amino acid identity between the two was
99% (81 of 82 amino acids were identical), clearly indicating
that the two genes were identical. The unified gene is referred
to here as Dutarh4/DthoxD. We cannot classify all of the gene
fragments, because their amino acid sequences are too short
and diverse. However, 44 of these 50 Hox gene/gene fragments
can be classified clearly into Plox1 through Plox7 (planarian
HOM/HOX homeobox genes) groups and a Gax/Mox group
(Fig. 1). Each Plox group includes at least three genes from
ifferent species. For example, Plox1 is composed of Pnox2,
Copyright © 1999 by Academic Press. All rightfox2, Pnox3, Pfox3, PwoxA, and Dlox2 from planarians and
ToxA from a trematode, which is in another class of the
latyhelminthes. Although no Plox1 gene has been isolated
rom Dugesia, the presence of the Plox1 gene in several
latyhelminthes suggests that Plox1 is present commonly in
lanarians, including Dugesia. Plox2 is composed of Dutarh1/
thoxG, Pnox4, Dlox4, PWoxE, and Djhox#1020. PnMox and
utarh6 are more similar to the Gax/Mox family than to
HOM/HOX homeobox genes (Tarabykin et al., 1995). Several
genes from planarians, such as DthoxB, cannot be classified
clearly into the above groups. Some of them might be nonpla-
narian, contaminating DNAs, because they were isolated only
by the PCR cloning method. In accordance with names of
leech HOM/HOX homeobox-type genes, we propose here
tentative nomenclature of the planarian HOM/HOX
homeobox-type genes; Plox1 isolated from D. japonica, will
be called Plox1-Dj, if it is isolated. Djhox#0004 and
Djhox#1053 are renamed Plox4-Dj and Plox5-Dj, respectively.
DthoxE/Dutarh3 (Dugesia tigrina), EToxD (Echinostoma tri-
volvis), and Djhox#2007 (Dugesia japonica) are renamed
lox6-Dt, Plox6-Et, and Plox6-Dj, respectively.
Expression of Plox Genes in an Intact Organism
To determine the expression pattern of these HOM/HOX
homeobox genes, we used two methods: whole-mount in situ
hybridization and RT-PCR. Expression of only two genes,
Plox4-Dj and Plox5-Dj, was detected in intact worms by
whole-mount in situ hybridization, and even these signals
were very weak. No signal was observed with the sense probes
(data not shown). All worms subjected to hybridization were
stained in the posterior region (Fig. 2E), indicating that the
signal was not an artifact. Both genes seemed to be increas-
ingly expressed along a spatial gradient in the posterior region
and to be particularly highly expressed in the posterior tip
(Figs. 2A to 2E). It was easier to detect the signal of Plox5-Dj
than that of Plox4-D. By the method of quantitative RT-PCR,
e confirmed the pattern of regional expression of Plox4-Dj
nd Plox5-Dj. cDNA from each of eight equal-sized regions of
the intact body along the anteroposterior axis was used as a
template for PCR. As internal standard, the EF2 gene (K. Agata
et al., unpublished) was coamplified with the Plox gene in the
same tube (Fig. 2F). Plox4-Dj and Plox5-Dj genes were ex-
ressed increasingly along the A-P axis and expressed in the
osterior tip region (region H) at the highest level. These
esults were consistent with the expression pattern shown by
hole-mount in situ hybridization. We could not determine
recisely whether Plox4-Dj or Plox5-Dj was expressed in the
ore anterior region by these methods, because in situ hy-
bridization was not quantitative and RT-PCR was not useful
for comparing the expression levels of the two genes. Al-
though we applied the RT-PCR method to the other Plox
genes, we could not detect the expression sufficiently repro-
ducibly for quantitative PCR.
s of reproduction in any form reserved.
E
S
gFIG. 1. The planarian HOM/HOX homeobox genes. Dlox, Dendrocoelum lacteum; Dthox, DtHbx, and Dutarh, Dugesia tigrina; Etox,
chinostoma trivolvis; FhHbx, Fasciola hepatica; Pfox, Polycelis felina; Pnox and PnMox, Polycelis nigra; Pwox, Phagocata woodworth;
mox, Schistosoma mansoni. These sequence data were taken from the DDBJ/GenBank/EMBL databases (up to May 30, 1998). Unclassified
enes are grouped into “Orphan.” References: Oliver et al., 1992; Bartels et al., 1993; Balavoine and Telford, 1995; Tarabykin et al., 1995;
Bayascas et al., 1997.
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460 Orii et al.Expression of Plox Genes during Regeneration
To determine how the expression of the Plox genes
FIG. 2. Expression of Plox5-Dj and Plox4-Dj in an intact anima
lox4-Dj. (C and D) Higher magnification views of A and B, respe
T-PCR. Open and solid circles show Plox5-Dj and Plox4-Dj, resphanges during regeneration, we performed whole-mount in
itu hybridization (Fig. 3) and quantitative RT-PCR (Fig. 4)
o
r
Copyright © 1999 by Academic Press. All rightn regenerating body pieces. Three types of regenerating
ody pieces (head, trunk with a pharynx, and tail) were
E) Whole-mount in situ hybridization. (A, C, E) Plox5-Dj. (B, D)
ly. Scale bars in A and B, approximately 0.5 mm. (F) Quantitative
ely.l. (A–btained by transverse dissection at the pre- and postpha-
yngeal regions. As Plox5-Dj showed a stronger hybridiza-
s of reproduction in any form reserved.
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461Expression of the Planarian HOM/HOX Genestion signal than Plox4-Dj, we analyzed Plox5-Dj expression
FIG. 3. Expression of Plox5-Dj during regeneration. Whole-mount
trunk, and tail) of the planarians on the indicated days after ampuas follows. In the head piece with regenerating tail, the
signal was detected first in the posterior tip region, includ-
t
1
Copyright © 1999 by Academic Press. All rightng blastema, after 2 days of regeneration. On the third day,
itu hybridization was performed on three regenerating parts (head,
n. Scale bars, 0.5 mm.he expression region seemed to be slightly broader. On the
1th day, when a pharynx and tail were regenerated, but the
s of reproduction in any form reserved.
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462 Orii et al.proportions of the body were different from those of an
intact animal, the expression pattern of Plox5-Dj became
lmost the same as that in an intact animal. In the tail piece
ith a regenerating head, the expression remained in the
osterior region 1 day after amputation, but it seemed to be
estricted to a slightly more posterior region in comparison
ith an intact animal (Fig. 3). Thereafter, the expression
ontinued in the posterior region during regeneration. In
he trunk with regenerating head and tail, weak expression
as detected only on the posterior stump 1 day after
mputation. On the second day, the expression expanded
nto the posterior region containing the blastema. In the
nterior region, no expression was observed. It seemed that
lox5-Dj was expressed earlier in the posterior region of the
egenerating trunk piece than in that of the regenerating
ead piece (Figs. 3A and 3E). The expression pattern re-
ealed by whole-mount in situ hybridization was confirmed
y quantitative RT-PCR (Fig. 4). During regeneration from
he head piece, expression of Plox5-Dj was not detectable at
.5 day after amputation and subsequently increased gradu-
lly from 1 to 6 days after amputation. In contrast, during
egeneration from the tail piece, expression of Plox5-Dj
ecreased gradually from 1 day after amputation and
FIG. 4. Quantitative RT-PCR for Plox5-Dj expression during
egeneration. (A) Schematic representation of amputation and gel
lectrophoresis pattern of PCR products. RNA from head (H) and
ail (T) pieces on the indicated days after amputation was subjected
o RT-PCR. (B) Time course of Plox5-Dj expression. The amount of
CR products in A was measured, normalized, and represented as
elative amount. Open and solid circles show regenerating head (H)
nd tail (T) pieces, respectively.eached about 20% of the initial level after 6 days of
egeneration (Fig. 4B). This is in agreement with the fact
t
e
Copyright © 1999 by Academic Press. All righthat the initial tail piece constitutes about one-fourth of the
ass of an intact animal. To confirm that the planarian
lox gene is not expressed specifically in the blastema, we
erformed whole-mount in situ hybridization on laterally
egenerating sagittally cut pieces. The expression of
lox5-Dj was observed only in the posterior region, includ-
ng the blastema and postblastema region, of regenerating
agittally cut pieces (Fig. 5). The time course of expression
f Plox5-Dj in the head and tail pieces during regeneration
s schematically represented in Fig. 6. Preliminary data
ave revealed that the expression pattern of Plox4-Dj is the
ame as that of Plox5-Dj (data not shown). The Plox genes
eem to be expressed in the posterior region proportionately
o the distance along the A-P axis in both intact and
egenerating bodies.
Expression of the Plox Gene in X-Ray-Irradiated
Organisms
Planarians have toti- or multipotent somatic stem cells,
called neoblasts, in the mesenchymal space all over the
body. They contribute to the high regeneration ability of
planarians. It is known that X-ray irradiation causes an
inability to regenerate because of loss of the neoblasts
(Wolff and Dubois, 1948: T. Sakurai, unpublished data). To
determine if the cells expressing the Plox gene are neo-
blasts, we performed whole-mount in situ hybridization on
-ray-irradiated organisms. Three days after X-ray irradia-
ion, the expression pattern of Plox5-Dj was the same as
hat in nonirradiated animals (Fig. 7A). The irradiated
nimals could not regenerate even 10 days after amputa-
ion, indicating that the irradiation was sufficient to cause
oss of neoblasts. Furthermore, we analyzed the expression
attern of Plox5-Dj after amputation of irradiated planar-
ans (Figs. 7B–7G). Although the head piece without irra-
iation regenerated and expressed Plox5-Dj in the posterior
egion, the irradiated head piece did not regenerate and
ever expressed the gene in any region (Figs. 7B and 7C). In
he tail piece expressing Plox5-Dj, regeneration of the
nterior region did not occur and the pattern of expression
id not change, that is, the expression was observed in the
osterior region 2 and 3 days after amputation (Figs. 7E and
F). The expression pattern of the PH04 gene (prohormone
onvertase 2 gene), which is specifically expressed in neural
ells (Agata et al., 1998), was also not changed 5 days after
mputation in head and tail pieces of irradiated animals
Figs. 7D and 7G). As loss of neoblasts under the same
onditions of X-ray irradiation has been confirmed by
istochemical observation (T. Sakurai, in preparation),
hese results indicate that Plox5-Dj is at least expressed in
ome cells other than neoblasts (undifferentiated cells) and
hat the induction of expression of the gene during regen-
ration may require neoblasts.
s of reproduction in any form reserved.
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463Expression of the Planarian HOM/HOX GenesDISCUSSION
Classification of Planarian HOM/HOX Homeobox
(Plox) Genes
To date, many HOM/HOX genes and gene fragments
have been cloned and sequenced in planarians (Oliver et al.,
992; Bartels et al., 1993; Orii et al., 1995; Tarabykin et al.,
995; Balavoine and Telford, 1995; Bayascas et al., 1997).
owever, the number of HOM/HOX homeobox genes
resent in the planarian genome has not been determined.
ne problem in these analyses is that in general planarian
enes have highly heterogeneous chromosome numbers
Tamura et al., 1995) and nucleotide sequences. For ex-
mple, we have observed about one base change per 100
ases in cDNA clones for a particular gene from a local
opulation of D. japonica living in one region of a stream
K. Agata et al., unpublished). To overcome this problem,
e have established and used an isogenic strain (named GI)
f D. japonica for analysis of planarian HOM/HOX ho-
eobox genes. Although the karyotype of strain GI is
ixoploid (n 5 8, 2n and 3n), the ratio of 2n to 3n cells is
onstant (about 2:1) in individual GI worms and different
egions of the body (S. Tamura et al., unpublished data). We
ave isolated several HOM/HOX homeobox genes (Plox-Dj)
y extensive screening of a cDNA library of the GI strain,
ather than by PCR cloning, in order to eliminate isolation
f nonplanarian, contaminating DNAs. Based on sequence
ata to date including Plox-Dj genes, planarians appear to
ave at least seven HOM/HOX cluster-type genes, Plox1 to
lox7 (Fig. 1). Comparison of Plox genes with HOM/HOX
luster-type genes of other animals allows us to understand
heir relationship (Table 1). Plox1, Plox3, and Plox7 have
igh similarity with labial (82% amino acid identity in the
educed homeodomain), Dfd (82%), and abd-A (88%) in the
y, respectively. Plox4 may correspond to Scr (72%) rather
han Dfd (75%) because of its high similarity with nema-
ode mab5 (67%), leech Lox5-hro (77%), and paralog group
in vertebrates, which correspond to Scr of the fly. Unfor-
unately, Plox2 could not be classified. Interestingly, both
lox5 and Plox6 resemble Antp in the fly (88% for Plox5
nd 90% for Plox6). Chromosome walking data are needed
o understand the genomic organization and the relation-
hips of planarian HOM/HOX homeobox genes to those of
ther animal groups.
Some Plox Genes May Be Involved in A-P
Patterning of the Planarian
At least two planarian HOM/HOX homeobox genes,
Plox4 and Plox5, are expressed increasingly along the A-P
axis in the posterior region and at the maximum level at the
tip of the tail in intact animals (Fig. 2). This expression
pattern of Plox4 and Plox5 genes is comparable to that of
HOM/HOX homeobox genes of other animals, from nema-
todes to flies and vertebrates. This suggests that HOM/
HOX genes are involved in A-P patterning in planarians, as
they are in other animals. It should be noted that Plox4 and
l
C
Copyright © 1999 by Academic Press. All rightPlox5 were expressed in intact adult worms, suggesting that
pattern formation in planarians may occur continuously.
This is in agreement with a previous report showing that
body proportioning occurred following formation of struc-
tures such as the pharynx in planarian regeneration (Mead
and Christman, 1998). We also usually observe variation in
the body sizes of planarians with normal proportions,
indicating that cell proliferation, differentiation, and pat-
tern formation occur continuously to normalize and main-
tain the body proportions.
Plox5 was expressed in the posterior region during regen-
eration. In particular, 2 days after amputation, regenerating
head pieces expressed Plox5 in the posterior region where it
appeared that no structure was formed yet. In regenerating
tail pieces, where Plox5 was being expressed before ampu-
tation, Plox5 expression was restricted to the more poste-
rior regions (Fig. 3), indicating that more anterior cells
turned off the expression and/or that the expressing cells
moved more posteriorly. This expression pattern suggests
that Plox5 may define the posterior region of body pieces
after amputation. It is very interesting that the expression
of Plox5 is observed earlier in the posterior region of trunk
ieces than in that of head pieces (Figs. 3A and 3E). This
ay mean that more posterior regions (trunk) can differen-
iate into the posterior region more easily than more
nterior regions (head). In the planarian Dugesia, it has been
elieved that differentiated cells cannot proliferate, but that
omatic stem cells, called neoblasts, can proliferate and
ifferentiate into various types of cells (Bagun˜a` et al., 1994).
f that is true, it is possible that only neoblasts express
lox5 before differentiating into the posterior region cells in
position-dependent manner. However, X-ray irradiation,
hich causes loss of neoblasts and regeneration ability,
eems to freeze rather than abolish Plox5 expression, as
well as PH04 expression, which is specific for differentiated
eural cells. This suggests that Plox5 is expressed at least in
ome cells other than neoblasts. Furthermore, the irradiated
ody pieces cannot induce further expression of Plox5 (Fig.
), suggesting that induction of Plox5 expression requires
eoblasts. Plox5 may be expressed in the posterior regen-
rative cells (Hori, 1997) which are differentiating neoblasts
fter cell division, and this expression may be insensitive to
-ray irradiation. Unfortunately, we could not identify the
ells expressing Plox5 because of the very low expression
evel and lack of available cell-type-specific markers.
Plox Gene Expression in Planarian Regeneration
In general, there are two types of regeneration: “morphal-
laxis” and “epimorphosis” (Wolpert et al., 1998). Hydra
rovides an example of morphallaxis. Hydra cells prolifer-
te, are lost by release from the ends of the animal and by
udding, and continuously pattern the body in an adult
nimal. After amputation, in the remaining body of Hydra,
he head region is re-specified, a new body axis is estab-
ished, and regeneration occurs without new growth.
nox2, a HOM/HOX homeobox gene in Hydra, is ex-
s of reproduction in any form reserved.
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464 Orii et al.pressed along an axial gradient in the epithelial cells of
adult polyps, at a low level in the head and at a high level in
the body column and the foot (Shenk et al., 1993). On the
other hand, regeneration of amphibian limbs, which is an
example of epimorphosis, requires cell dedifferentiation,
proliferation, and redifferentiation. In axolotl, immediately
after amputation of limbs, HoxA9 and HoxA13 genes are
expressed synchronously in the same region of the stump,
in contrast to the spatially colinear expression of these
FIG. 5. Expression of Plox5-Dj during lateral regeneration (dorsal
ieces 2 days (A) and 11 days (B) after amputation. Scale bars, 0.5
IG. 6. Schematic representation of expression pattern of Plox5-D
H) and tail (T) pieces is shaded.genes in developing axolotl limb buds (Gardiner et al.,
1995). As the blastema grows, the region of expression of
Copyright © 1999 by Academic Press. All rightboth genes becomes distinct and confined spatially. The
expression pattern in later stages of regeneration is the
same as that in developing limbs. No expression is observed
in mature limbs. It was concluded that limb regeneration is
distinguished from limb development by the association of
the initiation events, including HoxA re-expression, during
dedifferentiation.
Planarian regeneration has been considered as intermedi-
ate between morphallaxis and epimorphosis (Salo´ and Ba-
). Whole-mount in situ hybridization was performed with left-side
ing regeneration. The region of expression in the regenerating headview
mm.gun˜a`, 1984). In planarians, a blastema is formed, like that of
amphibian regenerating limbs, but it does not contain
s of reproduction in any form reserved.
FI
G
.7
.
E
xp
re
ss
io
n
of
P
lo
x5
-D
j
in
X
-r
ay
-i
rr
ad
ia
te
d
pl
an
ar
ia
n
s.
A
ft
er
h
ea
li
n
g
fo
r
2
da
ys
,i
rr
ad
ia
te
d
an
im
al
s
(A
)w
er
e
cu
t
tr
an
sv
er
se
ly
at
th
e
pr
e-
an
d
po
st
ph
ar
yn
ge
al
re
gi
on
s.
(B
–D
)H
ea
d,
(E
–G
)t
ai
l,
(E
)2
da
ys
,(
B
,F
)3
da
ys
,(
C
,D
,G
)5
da
ys
af
te
r
am
pu
ta
ti
on
.W
h
ol
e-
m
ou
n
t
in
si
tu
h
yb
ri
di
za
ti
on
w
it
h
P
lo
x5
-D
j
(d
or
sa
l
vi
ew
)
(A
,
B
,
C
,
E
,
F)
;
w
it
h
P
H
04
(v
en
tr
al
vi
ew
)
(D
,
G
).
Sc
al
e
ba
r,
ap
pr
ox
im
at
el
y
0.
5
m
m
.
465Expression of the Planarian HOM/HOX GenesCopyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
466 Orii et al.TABLE 1
Comparison of Deduced Amino Acid Sequences of Homeodomains of Planarians with Those of Other Animals
Plox1-Pn Plox2-Dj Plox3-Dj Plox4-Dj Plox5-Dj Plox6-Dj Plox7-Dt
Fly
lab 82 62 68 58 65 63 62
pb 65 65 73 62 70 68 63
Dfd 63 65 82 75 80 80 75
Scr 63 65 78 72 87 88 78
Antp 63 65 75 73 88 90 83
Ubx 60 63 68 70 82 83 85
abd-A 63 63 72 72 85 85 88
Abd-B 47 55 58 57 58 58 62
Nematode
ceh-13 65 57 62 50 60 57 55
lin-39 58 68 78 65 77 73 67
mab-5 52 68 72 67 77 73 70
eq1-5 38 52 48 50 53 53 53
Leech
Lox7-htr 80 60 68 55 67 65 62
Lox6-hro 60 60 75 73 80 82 73
Lox20-htr 65 62 80 75 87 83 77
Lox5-hro 62 62 75 77 87 83 80
Lox2-hro 58 65 67 68 80 80 80
Lox4-hme 60 62 70 72 80 80 87
Mouse
A1 77 60 70 55 65 63 58
B1 72 60 65 55 62 62 57
D1 73 57 67 57 62 62 60
A2 62 67 72 58 67 67 62
A3 63 70 73 68 70 72 65
B3 63 68 73 68 67 68 63
D3 62 68 70 65 70 72 63
A4 63 63 85 75 78 82 75
B4 62 65 82 78 78 83 73
C4 65 65 85 82 82 83 75
D4 65 63 85 78 82 85 77
A5 65 63 82 77 82 87 78
B5 65 63 82 77 82 87 78
C5 63 62 78 77 80 85 83
A6 63 63 73 73 85 87 83
B6 62 65 72 73 85 87 83
C6 62 62 72 75 82 83 83
A7 63 65 77 73 90 92 83
B7 62 67 73 75 87 87 82
B8 55 63 70 65 77 78 78
C8 55 62 68 63 75 77 77
D8 55 63 70 65 77 75 78
A9 55 60 65 58 68 67 67
B9 57 60 68 60 65 67 67
C9 55 60 65 58 67 68 65
D9 55 60 65 58 67 68 65
Amphioxus
hox01 75 62 65 55 62 63 58
hox02 62 62 63 53 58 58 55
hox03 62 70 68 63 70 68 63
hox04 65 65 83 77 83 85 73
hox05 65 67 78 73 88 87 78
hox06 63 65 78 70 88 88 82
hox07 63 65 77 73 90 92 83
hox08 62 62 72 72 85 87 87
hox09 53 63 67 63 65 65 63
hox10 53 53 60 57 55 57 57Note. Amino acid identity (%) is shown. References: Kourakis et al. (1997), Sharkey et al. (1997).
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467Expression of the Planarian HOM/HOX Genesmitotic activity. Cell proliferation is found at the stump
(postblastema region) and blastema growth is supported by
local migration of these proliferating cells, in contrast to
amphibian epimorphosis. It was also suggested that pattern
formation occurred within a restricted area of the stump
(Salo´ and Bagun˜a`, 1989). This seems to be supported by
ecent data which show that all planarian HOM/HOX
omeobox genes (Plox2-Dt to Plox7-Dt) are expressed syn-
hronously in the same regenerative tissue (blastema and
ostblastema) as in amphibian limbs (Bayascas et al., 1997).
owever, our data reported here clearly contradict the
esults of Bayascas et al. (1997). We used two independent
methods and obtained the same results; Plox4 and Plox5 are
expressed only on the posterior end (Fig. 2). We never
observed that these genes were expressed specifically in
regenerative blastema in a position-independent manner
(Fig. 5). We do not know the reason for the contradiction. It
is very difficult to detect gene expression at very low levels
by whole-mount in situ hybridization in planarians because
f mucus trapping the probe and pigmented epidermis. One
ossible explanation is that we studied D. japonica, while
hey studied a different species, D. tigrina, collected in the
eld (Bayascas et al., 1997). It should be noted that
olyploidy is usually observed in wild planarians (Tamura
t al., 1995). This suggests that some planarians have extra
opies of Plox genes and that some of the genes may not be
nder the primary control mechanism. The high-copy-
umber mariner-like transposon, which is probably active,
as been found in the genome of D. tigrina (Garcia-
erna`ndez et al., 1995), suggesting that drastic change
ccurs in the genome of D. tigrina at present. For example,
e found that the deduced intron–exon boundary between
lutamine and asparagine of helix 3 of the homeodomain of
he DthoxE (Plox6-Dt) gene product (Bayascas et al., 1997;
DBJ/GenBank/EMBL Accession No. X95413) is intron-
gaataAATAGA-exon, which is different from the highly
conserved AG nucleotides at the 39 end of introns, suggest-
ing that DthoxE may not be functional.
Planarians have totipotent stem cells (neoblasts) through-
out the non-regenerating body. This situation may be
comparable to the initial stage of regenerating amphibian
limbs, in which dedifferentiation occurs and Hox genes are
expressed. The growing blastema of regenerating amphibian
limbs may be comparable to the planarian continuously
growing in size. If so, our data showing increasing Plox
xpression along the A-P axis of an intact planarian are very
easonable. Planarians may be similar to Hydra with re-
spect to continuous patterning in the adult body. This
similarity was supported by an axial gradient of expression
of Cnox-2 in adult hydra as well as of Plox genes in
planarians. It may also be supported by expression in intact
animals of Djbmp, which is a candidate gene involved in
planarian body patterning (Orii et al., 1998). To know
which mechanisms are common and which are different in
regeneration and development, it is indispensable to inves-
tigate such molecules involved in pattern formation during
early development and regeneration.
Copyright © 1999 by Academic Press. All rightWe have shown here that some Plox genes are also
increasingly expressed along the A-P axis and may be
involved in A-P patterning during regeneration, as in other
higher organisms. We have also shown that the planarian
regeneration can be considered as morphallaxis rather than
epimorphosis, if anything, based on the expression pattern
of Plox genes during regeneration. Recently, two region-
specific molecular markers, TCEN-49 (Bueno et al., 1996)
and scarf (Bogdanova et al., 1998), have been isolated. In
ddition to these markers, Plox4 and Plox5 genes will also
e useful tools for analyzing pattern formation in planarians
Kato et al., 1999). To further our understanding of planar-
an regeneration, it is very important to identify the cells
xpressing the Plox genes and the genes under the control of
he Plox genes. In addition, determining the chromosomal
rganization of Plox genes will allow us to understand the
volutionary relationship of planarians to other animals.
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